Abstract: High-voltage bushings play a crucial role in energy conveyance. Their specialized electric structure makes the bushing more vulnerable to surface discharge. However, the influence of a vertical electric field on the surface flashover of bushing structures remains unclear. To investigate this mechanism, four simplified bushing samples were built and the influence of pollution, leakage length, and the electric field component vertical to the dielectric surface on flashover properties of the bushing samples were tested. It was found that the surface pollution level was the decisive factor that influenced flashover voltage. When the leakage length and form factor were the same, the pollution flashover of the bushing structure was lower than that of the post structure. It was also found that increasing the leakage length was not very effective in improving the flashover voltage of bushings when the equivalent salt deposit density (ESDD) was high. No obvious correlation was found between pollution flashover voltage and electric field stress. Furthermore, the uneven wetting flashover performance of the bushings was tested. Under this condition, the flashover voltage decreased with an increase of the electric field component vertical to the dielectric surface. In addition, the electric field distribution of the samples was calculated and the results were in accordance with the experimental results.
Introduction
In high-voltage (HV) conversion substations, HV bushings play an important role. They not only convey current through walls or transformer tanks but also act as insulation between lead wires and the ground. With the increase in voltage level, many flashover accidents in substations have been reported in the U.S., Canada, Brazil, and China [1] [2] [3] [4] . Among these, more than 70% were related to HV wall bushings. The reported flashovers of HV bushings mostly happened under operational voltage on rainy days even when there was a relatively low equivalent salt deposit density (ESDD) (less than 0.1 mg/cm 2 ). As the configuration of a HV bushing is generally different from that of a line or post insulator, it is necessary to investigate their flashover mechanism in order to improve the bushing design and eventually avoid similar flashover accidents.
Some researchers have attributed bushing flashovers to uneven wetting. In substations, wall bushings are generally mounted at an angle of incline θ (0 • ≤ θ ≤ 15 • ). When rain falls, part of the bushings in the vicinity of walls may be sheltered by the roof. Therefore, the bushing surface could not be wetted evenly. As the resistance of dry bands is much higher than that of wet bands, most of 
Specimen
A simplified HV bushing structure [21] [22] [23] , as shown in Figure 2a , was set up. This structure consisted of three layers from the outside to the inside. The outermost layer was the flange. It was made of aluminum with dimensions of 20 mm (thickness) × 230 mm (out diameter). An insulation layer made of nylon was in the middle, which had an out diameter of 120 mm. Two lengths of insulation layer, 320 mm and 580 mm, were chosen. The innermost layer was a hollow tube made of copper. Four samples of bushing structures, namely Type A to Type D, with tube diameters varying from 40 to 80 mm, were built to generate different vertical electric field strengths on the bushing. Moreover, to compare the electrical performance of a bushing structure with that of a post insulator, a post insulator structure was also built. It consisted of three segments, with a solid-cylinder insulation segment in the middle and two cylinder electrodes at both sides as illustrated in Figure 2b . The parameters of all bushing samples and the post sample are listed in Table 1 . 
A simplified HV bushing structure [21] [22] [23] , as shown in Figure2a, was set up. This structure consisted of three layers from the outside to the inside. The outermost layer was the flange. It was made of aluminum with dimensions of 20 mm (thickness) × 230 mm (out diameter). An insulation layer made of nylon was in the middle, which had an out diameter of 120 mm. Two lengths of insulation layer, 320 mm and 580 mm, were chosen. The innermost layer was a hollow tube made of copper. Four samples of bushing structures, namely Type A to Type D, with tube diameters varying from 40 to 80 mm, were built to generate different vertical electric field strengths on the bushing. Moreover, to compare the electrical performance of a bushing structure with that of a post insulator, a post insulator structure was also built. It consisted of three segments, with a solid-cylinder insulation segment in the middle and two cylinder electrodes at both sides as illustrated in Figure 2b . The parameters of all bushing samples and the post sample are listed in Table 1 . 
Test Procedure
(1) Preparation. Before each contamination, the sample was carefully cleaned to make sure that all traces of dirt and grease were removed. After cleaning, the sample was dried naturally and not touched by hand.
(2) Contamination and wetting. A solid layer method in accordance with IEC60507 [24] was used to pollute the sample. A suspension consisting of Kaolin as inert material, a suitable amount of NaCl as conductive material, and distilled water were prepared and used to coat the sample surface uniformly. A fog chamber is generally recommended for artificial pollution tests to wet the samples. 
(2) Contamination and wetting. A solid layer method in accordance with IEC60507 [24] was used to pollute the sample. A suspension consisting of Kaolin as inert material, a suitable amount of NaCl as conductive material, and distilled water were prepared and used to coat the sample surface uniformly. A fog chamber is generally recommended for artificial pollution tests to wet the samples. However, the presence of fog would dramatically reduce the visibility and thus handicap the recording of the arc formation and development process [25] . Therefore, instead of a fog chamber, distilled water was sprayed over the sample to wet the pollution layer before the tests in this study.
(3) Evaluation. The up-and-down method was used to determine the V 50 withstand voltage [26] . For each test, the next voltage was increased or decreased depending on the last test result. If the last test withstood the voltage, the next voltage was increased in steps of 5% of the last test voltage (∆U). Otherwise, the next voltage was decreased in steps of 5% of the last test voltage. Each sample was subjected to at least 10 "useful" tests at a given pollution level. The first test that yielded a result different from the preceding ones (from flashover to withstood or vice versa) was considered as the first "useful" test. This first "useful" test and at least nine of the following tests were performed to obtain the V 50 withstand voltage, which was determined by
where U i is the applied voltage, n i is the number useful tests at the same test voltage U i , and N is the total number of useful tests. To record the arc formation and development process, a high-speed camera was used. It was connected to a personal computer (PC) through a RS-422 cable and the user could select the playback rate in the software. Figure 3 shows the recorded signals before flashover with an ESDD of 0.15 mg/cm 2 . The leakage current changed with the surface status of the sample. The amplitude of the current was only 0.5 mA till 3 s before the flashover and the surface resistance was about 30 MΩ, which indicated that the arc had not formed yet. Then, at 3 s before the flashover, the amplitude of the leakage current rose quickly to about 75 mA, indicating that a local arc began to develop. During this period, the leakage current was determined by the arc and pollution layer resistance, which were connected in series. Finally, the arc was increased to 150 mA, which means that the arc had propagated and connected the full channel. The applied voltage was almost in phase with the leakage current during the entire procedure, which showed that the circuit was mainly characterized by its resistive nature.
Results

Flashover Voltage and Leakage Current
In Figure 3 , it can be observed that the applied voltage decreased slightly when flashover was about to happen. When the arc bridged the full leakage length, the voltage decreased drastically. On the contrary, the leakage current increased slightly at the initiation of arc development and increased drastically at the time flashover took place. The changes in voltage and leakage current were in accordance with the volt-ampere characteristics of the arc, which showed that the flashover procedure on the bushing was still an arc-type surface flashover. procedure, which showed that the circuit was mainly characterized by its resistive nature.
In Figure 3 , it can be observed that the applied voltage decreased slightly when flashover was about to happen. When the arc bridged the full leakage length, the voltage decreased drastically. On the contrary, the leakage current increased slightly at the initiation of arc development and increased drastically at the time flashover took place. The changes in voltage and leakage current were in accordance with the volt-ampere characteristics of the arc, which showed that the flashover procedure on the bushing was still an arc-type surface flashover. 
Arc Propagation Procedure of Sliding Discharge and Pollution Discharge
Sliding discharge is a very special discharge that only occurs when the electric field component vertical to the dielectric surface is very strong. HV bushings, as mentioned above, have such characteristics so that sliding flashover may happen when the applied voltage is high enough and the bushing surface is dry and relatively clean. Typical arc developments of sliding discharge and pollution discharge on sample A are illustrated in Figure 4 . 
Sliding discharge is a very special discharge that only occurs when the electric field component vertical to the dielectric surface is very strong. HV bushings, as mentioned above, have such characteristics so that sliding flashover may happen when the applied voltage is high enough and the bushing surface is dry and relatively clean. Typical arc developments of sliding discharge and pollution discharge on sample A are illustrated in Figure 4 . For the bushing samples used in this study, flashover due to sliding discharge only happened when the samples were not polluted. Otherwise, flashover developing from pollution discharge would happen instead of sliding flashover as the length of the insulation layers was relatively short. Under the sliding discharge condition, the arc first emerged in the vicinity of the flange and at the intersection formed by an insulation layer, lead wire, and air as shown in the first picture of Figure  4a . Arc propagation observations show that the arc path on the surface of an insulating layer is relatively straight and the arc channel is very thin with low light intensity. Based on the high-speed camera recordings, the arc propagation velocity of sliding discharge was about 600 m/s. The sliding flashover voltage was 35.4 kV for sample A. Under the pollution discharge condition with an ESDD of 0.1 mg/cm 2 , as shown in Figure 4b , the pollution flashover voltage was only 11.7 kV and the arc For the bushing samples used in this study, flashover due to sliding discharge only happened when the samples were not polluted. Otherwise, flashover developing from pollution discharge would happen instead of sliding flashover as the length of the insulation layers was relatively short. Under the sliding discharge condition, the arc first emerged in the vicinity of the flange and at the intersection formed by an insulation layer, lead wire, and air as shown in the first picture of Figure 4a . Arc propagation observations show that the arc path on the surface of an insulating layer is relatively straight and the arc channel is very thin with low light intensity. Based on the high-speed camera recordings, the arc propagation velocity of sliding discharge was about 600 m/s. The sliding flashover voltage was 35.4 kV for sample A. Under the pollution discharge condition with an ESDD of 0.1 mg/cm 2 , as shown in Figure 4b , the pollution flashover voltage was only 11.7 kV and the arc propagation velocity was about 30 m/s. Unlike the sliding discharge, the arc of pollution discharge had a wide arc channel and high light intensity. However, at the moment that the flashover happened, the arc channel of the sliding flashover was even wider than that of the pollution flashover.
The recordings of these two kinds of discharge procedures indicated that they corresponded to different physical processes before flashover. For sliding discharges, electric field stress is the crucial parameter, which resulted in a much higher flashover voltage. In the case of pollution discharge, however, the dominant factor is the leakage current, which lead to a wider and brighter arc channel.
Effect of ESDD
ESDD is commonly used in describing the pollution degree of contaminated insulators. Due to the special configuration of bushings, the electric field is severely distorted at the intersection between the flange and the insulation layer. Therefore, the flashover properties of bushings may not only be determined by surface conductivity properties, but also by the electric field distribution between the conductor tube and the flange.
Experiments were carried out on sample A (bushing structure) and sample E (post insulator structure), which have the same length of insulation layer, to compare the flashover characteristics of the bushing and the post insulator [27] . The test ESDD ranged from 0.01 mg/cm 2 to 0.2 mg/cm 2 , corresponding to light to heavy pollution; the results are shown in Figure 5 . From the test results, it was found that the flashover voltage of the post insulator is 3.4-21.2% higher than that of the bushing at the same pollution level. It was also found that, for both structures, the flashover voltage decreases exponentially with the increase of ESDD. Compared with an ESDD of 0.01 mg/cm 2 , the flashover voltage at a pollution level of 0.2 mg/cm 2 decreases 29.8% for the bushing structure (sample A) and 27.7% for the post insulator structure (sample E).
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where a represents the form parameter of the bushing sample, b represents the physical parameter of the surface arc, and R 2 is the correlation coefficient. The calculated results for sample A and sample E are listed in Table 2 . 
Effect of Leakage Length
Leakage length is an important factor influencing the pollution flashover performance of line insulators. Therefore, the insulators were designed to have a complex shed structure to increase the leakage length for good pollution flashover performance. To investigate the effect of leakage length on the flashover performance of a bushing, experiments were carried out on samples A and B, which had same conductor diameters but different insulation-layer lengths. The leakage lengths for samples A and B are 19 cm and 31 cm, respectively.
For sliding discharge of an HV bushing, the onset voltage can be determined [28] as follows
where E 0 is the corona onset strength, which is 21.2 kV/cm (r.m.s) for AC at standard air pressure, ω is the power frequency in Hz, ρ is the surface resistance in Ω/m, and C 0 is the unit surface capacitance in F/cm 2 . According to the calculation results, the C 0 values of samples A and B were 0.98 pF/cm 2 and 0.93 pF/cm 2 , respectively, which showed an almost similar C 0 value for both samples. The test sliding flashover voltages of samples A and B were 35.4 kV and 38.8 kV, which are also similar. Therefore, comparing the experimental and calculated (Equation (3)) values, it can be seen that leakage length has a minor influence on sliding discharge flashover.
The test results for pollution flashover are shown in Figure 6 . They indicate that the bushing with a longer leakage length has a higher pollution flashover at a low ESDD (less than 0.05 mg/cm 2 ), whereas at a high ESDD (higher than 0.05 mg/cm 2 ), the flashover voltages of samples A and B tend to be the same. Therefore, under a high ESDD condition, it is difficult to improve the pollution flashover voltage by increasing the leakage length. The results also demonstrate that the flashover voltage of the bushing types tends to level off with the increase in ESSD. on the flashover performance of a bushing, experiments were carried out on samples A and B, which had same conductor diameters but different insulation-layer lengths. The leakage lengths for samples A and B are 19 cm and 31 cm, respectively. For sliding discharge of an HV bushing, the onset voltage can be determined [28] as follows
where E0 is the corona onset strength, which is 21.2 kV/cm (r.m.s) for AC at standard air pressure, ω is the power frequency in Hz, ρ is the surface resistance in Ω/m, and C0 is the unit surface capacitance in F/cm 2 . According to the calculation results, the C0 values of samples A and B were 0.98 pF/cm 2 and 0.93 pF/cm 2 , respectively, which showed an almost similar C0 value for both samples. The test sliding flashover voltages of samples A and B were 35.4 kV and 38.8 kV, which are also similar. Therefore, comparing the experimental and calculated (Equation (3)) values, it can be seen that leakage length has a minor influence on sliding discharge flashover. The test results for pollution flashover are shown in Figure 6 . They indicate that the bushing with a longer leakage length has a higher pollution flashover at a low ESDD (less than 0.05 mg/cm 2 ), whereas at a high ESDD (higher than 0.05 mg/cm 2 ), the flashover voltages of samples A and B tend to be the same. Therefore, under a high ESDD condition, it is difficult to improve the pollution flashover voltage by increasing the leakage length. The results also demonstrate that the flashover voltage of the bushing types tends to level off with the increase in ESSD. 
Effect of the Vertical Electric Field Component Vertical to the Dielectric Surface
A strong electric field component vertical to the dielectric surface is a special feature of a bushing-type insulation structure, which is caused by a high voltage difference applied on a small distance (between the inner conductor and the flange). To investigate the effect of an electric field component vertical to the dielectric surface, experiments were carried out on samples A, B, C, and D. Due to the different profile parameters, the electric field components vertical to the dielectric surface are different for all four bushing samples.
To calculate the electric field distribution, numerical simulations were performed by the finite 
To calculate the electric field distribution, numerical simulations were performed by the finite element method. In the simulation, a voltage of 20 kV was applied to the high-voltage end of the bushing and the bushing surface was assumed to be dry. The relative permittivity of the nylon layer was 4. The calculated electric field distributions are shown in Figure 7 and the maximum components vertical to the dielectric surface E vmax are listed in Table 3 . It can be seen that the electric field is concentrated at the flange and that its maximum value is located at the junction of the flange and the insulation layer, which is consistent with the visual observation by high-speed camera as shown in Figure 4 . As nylon is a good insulation material, the maximum electric field component vertical to the dielectric surface is almost unchanged when the length of the insulation layer is increased from 320 mm (sample A) to 580 mm (sample B). The maximum electric field strength increases with the conductor diameter. Compared with sample B, which has a conductor diameter of 40 mm, the maximum electric field of sample D, having a conductor diameter of 80 mm, is 71.7% higher.
The test results for sliding flashover are shown in Table 4 . As can be seen from Table 4 , the sliding flashover is closely related to the electric field component vertical to the dielectric surface. Although the leakage length of sample B is 63.2% longer than that of sample A, its sliding flashover is only 9.6% higher than that of sample A due to the closeness of the maximum electric field components vertical to the dielectric surface. Sample D, having the greatest electric field component vertical to the dielectric surface, has the lowest sliding flashover. The test results for sliding flashover are shown in Table 4 . As can be seen from Table 4 , the sliding flashover is closely related to the electric field component vertical to the dielectric surface. Although the leakage length of sample B is 63.2% longer than that of sample A, its sliding flashover is only 9.6% higher than that of sample A due to the closeness of the maximum electric field components vertical to the dielectric surface. Sample D, having the greatest electric field component vertical to the dielectric surface, has the lowest sliding flashover. When the polluted bushing was wetted, the electric field distribution was changed somewhat. However, considering the space distance between the conductor tube and the flange and that the insulation material remains unchanged, the influence of pollution on the maximum electric field components vertical to the dielectric surface at the flange is insignificant.
The test results for pollution flashover are displayed in Figure 8 . In this figure, the pollution flashover voltages decrease with an increase of ESDD at all vertical electric field strengths. Compared with sample B, the maximum electric field component vertical to the dielectric surface of sample D is almost doubled. However, the pollution flashover of sample D is not always lower than that of sample B at all ESDD levels. When the ESDD is in the range of 0.05 mg/cm 2 -0.1 mg/cm 2 , the flashover voltage of sample D is even higher than that of sample B. Therefore, a stronger electric field component vertical to the dielectric surface does not guarantee a lower flashover voltage. When the polluted bushing was wetted, the electric field distribution was changed somewhat. However, considering the space distance between the conductor tube and the flange and that the insulation material remains unchanged, the influence of pollution on the maximum electric field components vertical to the dielectric surface at the flange is insignificant.
The test results for pollution flashover are displayed in Figure 8 . In this figure, the pollution flashover voltages decrease with an increase of ESDD at all vertical electric field strengths. Compared with sample B, the maximum electric field component vertical to the dielectric surface of sample D is almost doubled. However, the pollution flashover of sample D is not always lower than that of sample B at all ESDD levels. When the ESDD is in the range of 0.05 mg/cm 2 -0.1 mg/cm 2 , the flashover voltage of sample D is even higher than that of sample B. Therefore, a stronger electric field component vertical to the dielectric surface does not guarantee a lower flashover voltage. 
Effect of Uneven Rain Flashover
Uneven rain used to be considered the main reason for bushing flashover. Many researchers studied flashover voltage change with dry zone length and found the critical length [7, 9, 15] . In this study, experiments on uneven wetting flashover properties were carried out using simplified bushing samples with the dry zone starting from the flange. Tests were focused on flashover voltage variations with dry zone length under different vertical electric fields.
In Figure 9 , test results show that the flashover increased linearly with dry zone length when the dry zone length ranged from 5 cm to 15 cm. The flashover voltage increased 20% to 25% when the dry zone length increased from 5 cm to 15 cm for all three samples. This can be explained by the fact that, under the same applied voltage, the shorter the dry zone length is, the higher the voltage drop applied on it is, making it easier to meet the critical voltage and electric field requirements for the occurrence of flashover. 
Discussion
An HV bushing can be represented by an equivalent circuit, as shown in Figure 10 , where r stands for the surface resistance, R stands for the volume resistor, and C stands for the capacitor between conductor and flange.
When the surface of the bushing sample is contaminated and wet, the surface resistance will decrease significantly and be determined by the layer condition. According to a previous study [29] , the surface conductivity is proportional to the ESDD:
where k is a coefficient ranging from 200 to 1000. Therefore, the surface resistance r can be calculated by
where f stands for the form factor and can be calculated as
Assuming k = 1000, ESDD = 0.1 mg/cm 2 , and substituting the form parameters, the surface resistance of all five samples can be calculated as listed in Table 5 . 
Assuming k = 1000, ESDD = 0.1 mg/cm 2 , and substituting the form parameters, the surface resistance of all five samples can be calculated as listed in Table 5 . Assuming k = 1000, ESDD = 0.1 mg/cm , and substituting the form parameters, the surface resistance of all five samples can be calculated as listed in Table 5 . Taking sample B as an example, the surface resistance against the ESDD would appear as in Figure 11 . It can be seen from this figure that the surface resistance decreased inversely proportionally to the increase in ESDD. When the ESDD exceeds 0.05 mg/cm 2 , the curve becomes flat, which shows that a further increase in ESDD does not result in a significant decrease of surface resistance. However, under a wet condition, the surface resistance can be calculated by
where σ r stands for the volume conductivity of rain, which is normally 1-100 µS/cm, D stands for the diameter of the insulation cylinder, and h stands for the thickness of the water film, which is 0.01 cm at saturated wetting status.
Energies 2018, 11, x FOR PEER REVIEW 11 of 14
Taking sample B as an example, the surface resistance against the ESDD would appear as in Figure 11 . It can be seen from this figure that the surface resistance decreased inversely proportionally to the increase in ESDD. When the ESDD exceeds 0.05 mg/cm 2 , the curve becomes flat, which shows that a further increase in ESDD does not result in a significant decrease of surface resistance. However, under a wet condition, the surface resistance can be calculated by 1 1
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These results indicated that under moderate pollution conditions, such as an ESDD of 0.1 mg/cm 2 , the effect of the capacitive current can be omitted. Under a rain condition, the capacitive current was about 1/10 of the surface current. Because pollution flashover is a current dominant process, the vertical direction current is too low to influence the flashover process. Under an uneven rain condition, the appearance of a dry zone would further increase the value of r w . Then, the capacitive current is increased to influence the flashover voltage of the surface charge. This theory can explain the experimental results that changing the diameter of the conductor does not affect the flashover voltage of bushing-type samples at different ESDD levels.
Authors should discuss the results and how they can be interpreted in perspective of previous studies and of the working hypotheses. The findings and their implications should be discussed in the broadest context possible. Future research directions may also be highlighted.
Conclusions
The flashover characteristics of bushing-type insulation structures was tested thoroughly with specifically designed samples. The following conclusions can be obtained:
(1) Before flashover, the arc channel of sliding discharge was thinner than that of pollution discharge.
However, at the moment of flashover, the arc channel of sliding flashover was even wider and brighter than that of pollution flashover. (2) In this study, sliding flashover only happened when the bushing surface was clean.
The sliding flashover voltage was closely related to the electric field component vertical to The ratio of surface resistance to inner capacitive reactance was found to be the crucial parameter influencing surface flashover properties of the bushing samples. Under pollution flashover condition, this ratio was negligible so that the flashover procedure was nearly immune to changes of vertical electric field. Under a rain flashover condition, however, this ratio was about 1/10 so that the flashover voltage decreased as the vertical electric field was increased.
The effect of a vertical electric field on the surface flashover characteristics of a bushing is a very complicated problem and a bushing model with sheds would warrant further investigation. 
